Background: There is an ongoing debate whether primary lateral sclerosis (PLS) should be regarded as an independent disease entity separate from amyotrophic lateral sclerosis (ALS) or as a slowly progressive variant of ALS.
Introduction
Primary lateral sclerosis (PLS) is considered a motor neuron disease (MND) which almost exclusively affects upper motor neurons (UMN) (Wais) . Since the first descriptions by Jean-Martin Charcot in 1874 (calling it "primary sclerosis of the lateral columns") and Wilhelm Erb in 1902, the debate is still ongoing whether PLS should be regarded as an independent disease entity separate from amyotrophic lateral sclerosis (ALS) or as a slowly progressive variant of ALS (Singer et al., 2007) . In the revision of the El Escorial criteria, it is held for PLS (as one of the restricted phenotypes) that it develops into ALS in the vast majority of patients (Ludolph et al., 2015) . A specific classification of MND patients is a challenge of growing importance in the light of the continuous efforts of clinical trials with the option that the therapeutic portfolio for ALS might expand, also reflected in the initiative to revise the diagnostic criteria (Ludolph et al., 2015) . The diagnostic proof as definite ALS in a given patient with a PLS phenotype might be provided ex vivo by the neuropathological demonstration of cerebral TDP43 pathology according to the neuropathological staging concept of ALS by Braak et al. (2013) , Brettschneider et al. (2013) , and Braak et al. (2017) . In order to assess this neuropathological pattern in MND patients in vivo by magnetic resonance imaging, the hypothesis-guided tract-of-interest-based diffusion tensor imaging technique of the brain has been established (Kassubek et al., 2014; Müller et al., 2016; Kassubek et al., 2018) . By this approach, it was possible to demonstrate for another restricted ALS phenotype, i.e. lower motor neuron disease with fast disease progression, an affectation pattern for corticoefferent fibers as defined for ALS, that way supporting that fast progressing LMND is a phenotypical variant of ALS (Rosenbohm et al., 2016; Müller et al., 2018) . In analogy, we studied a group of PLS patients' brain MRI for disease-associated patterns of microstructural WM alterations corresponding to those detectable in ALS, to test the hypothesis that PLS shows the same pattern like ALS, in this case supporting the assumption that PLS is a variant of ALS with a specific clinical phenotype.
Methods

Subjects and patient characteristics
Fifty PLS patients were included who met the proposed diagnostic criteria for PLS (Pringle et al., 1992; Singer et al., 2007; Wais et al., 2017) . To be eligible, subjects had to meet the following criteria: no family history of MND, no clinical diagnosis of frontotemporal dementia (FTD), age at onset > 40 years, no mutations of major genes related to hereditary spastic paraparesis if investigated, no other major systemic, psychiatric or neurological illnesses, no history of substance abuse. Further mandatory criteria for inclusion were negative tests for multiple sclerosis and for central nervous system infections, and routine MRI scans excluded any brain or cervical cord abnormalities suggesting a different etiology of the clinical symptoms. Disease duration in the PLS group was 5 ± 3 years (range 3 to 21 years), and age of onset of the motor disorder was 58 ± 11 years (all data are given as arithmetic mean ± standard deviation (SD)). All patients underwent standardized clinical, neurological, and routine laboratory examinations. A composite UMN burden score was derived from evaluating the number of pathologic reflexes elicited from 15 body sites as previously described (Turner et al., 2004) (Table 1) . Cognitive status was estimated from the Edinburgh Cognitive and Behavioural ALS Screen (ECAS -Lulé et al., 2015) and was available for 22 out of 50 PLS patients.
PLS patients presented a revised ALS functional rating scale (ALS-FRS-R) (Cedarbaum et al., 1999) of 36 in average (minimum 16, maximum 45). All subjects gave written informed consent for the study protocol according to institutional guidelines which had been approved by the Ethics Committee of Ulm University, Germany (No. 19/12) .
A group of 50 ALS patients were selected to match for age and gender to the PLS group. The diagnosis of all cases was made according to the El Escorial diagnostic criteria (Ludolph et al., 2015) , all these patients showed clinical involvement of the first and the second motor neuron and showed no clinical diagnosis of frontotemporal dementia (FTD), ALS patients presented with an ALS-FRS-R of 35 in average (minimum 16, maximum 46); thus no differences in ALS-FRS-R between the PLS group and the ALS group were found. ECAS and was available for 13 out of 50 ALS patients (Table 1) .
None of the patients with ALS or PLS had any history of other neurological or psychiatric disorders. PLS and ALS patients were compared to age-and gender-matched controls. Gross brain pathology including vascular brain alterations was excluded by conventional MRI. All healthy control subjects had no family history of neuromuscular disease and had no history of neurologic, psychiatric, or other major medical illnesses and were recruited from among spouses of patients and by word of mouth.
A summary of the subjects' characteristics is given in Table 1 . The group comparison concerning age by Kruskal-Wallis test showed 0.30, concerning gender by Kruskal-Wallis test revealed 0.38, thus indicating no significant differences for the different subject groups.
MRI acquisition
DTI scanning was performed on a 1.5 Tesla Magnetom Symphony (Siemens Medical, Erlangen, Germany); two DTI study protocols were used, 61 subjects (19 PLS patients, 21 ALS patients, and 21 controls) were scanned with protocol A, and 89 subjects (31 PLS patients, 29 ALS patients, and 29 controls) were scanned with protocol B. DTI study protocol A consisted of 13 volumes (45 slices, 128 × 128 pixels, slice thickness 2.2 mm, pixel size 1.5 mm × 1.5 mm) representing 12 gradient directions (b = 800 s/mm 2 ) and one scan with gradient 0 (b = 0). The echo time (TE) and repetition time (TR) were 93 ms and 8000 ms, respectively. Five scans were averaged online by the scanner software in image space. DTI study protocol B consisted of 52 volumes (64 slices, 128 × 128 pixels, slice thickness 2.8 mm, pixel size 2.0 mm × 2.0 mm), representing 48 gradient directions (b = 1000 s/mm 2 ) and four scans with b = 0. TE and TR were 95 ms and 8000 ms.
Data analysis
The postprocessing and statistical analysis was performed by use of the analysis software Tensor Imaging and Fiber Tracking (TIFT -Müller et al., 2007a) . In order to spatially normalize the data to the Montreal Neurological Institute (MNI) stereotaxic space, study-specific templates were created and MNI normalization was performed iteratively (Müller and Kassubek, 2013) . From the stereotaxically normalized DTI data sets, DTI metrics' maps (fractional anisotropy -FA, mean diffusivity -MD, axial diffusivity -AD, radial diffusivity -RD) maps were calculated for quantitative mapping of microstructure (Le Bihan et al., 2001) . FA is a summary measure of microstructural integrity. While FA is highly sensitive to microstructural changes, it is less specific to the type of change. MD is an inverse measure of the membrane density, AD tends to be variable in WM changes and axonal injury, and RD increases in WM with dysmyelination. Changes in the axonal diameters or density may also influence RD (Song et al., 2002) . In a consecutive step, an 8 mm (FWHM) Gaussian filter was applied for smoothing of DTI metrics' maps in order to achieve a good balance between sensitivity and specificity (Unrath et al., 2010) .
DTI metrics' maps of controls recorded with the different protocols were used for calculation of 3D-correction matrices according to a previously reported protocol Rosskopf et al., 2015) . Then, DTI metrics' maps of PLS and ALS patients and controls were harmonized by application of the respective 3-D correction matrix (linear first order correction). In the final step, DTI metrics' maps of all subjects were corrected for the covariate age. Statistical comparison by Student's t-test was performed voxelwise for FA values to detect changes between the subject groups -WBSS. Voxels with FA values below 0.2 were not considered for calculation as cortical grey matter shows FA values up to 0.2 (Kunimatsu et al., 2004) .
Statistical results were corrected for multiple comparisons using the false-discovery-rate (FDR) algorithm at p < 0.05 (Genovese et al., 2002) . Further reduction of the alpha error was performed by a spatial correlation algorithm that eliminated isolated voxels or small isolated groups of voxels in the size range of the smoothing kernel leading to a threshold cluster size of 256 voxels.
Pathways for defined brain structures according to the ALS-staging system (Braak et al., 2013; Brettschneider et al., 2013) were identified with a seed-to-target approach as previously described (Kassubek et al., 2014; Kassubek et al., 2018; Rosenbohm et al., 2016) . TOIs for the definition of the four ALS stages were used as previously defined, i.e. the corticospinal tract (CST, representative for stage 1), the corticorubral and corticopontine tracts (representative for stage 2), the corticostriatal pathway (representative for stage 3), and the proximal perforant path (representative for stage 4) (Kassubek et al., 2014; Kassubek et al., 2018) . As a reference path, the tract was used originating from the corpus callosum (CC) area V where no involvement in ALS-associated neurodegeneration could be anticipated. Tractwise fractional anisotropy statistics (TFAS -Müller et al., 2007b) was performed by statistically comparing the FA values in a respective tract system between two subject groups (Student's t-test). Accordingly, maps of the other DTI metrics were used to perform the equivalent analysis, respectively.
For statistical comparison at the group level, WBSS and TFAS analysis used Student's t-test as the subject groups were large enough to show a Gaussian distribution of FA values. However, Mann-Whitney-U test shows almost identical statistical results.
Data analysis after normalization for disease duration
PLS patients, as expected, exhibited considerably higher disease duration than ALS cases, with values ranging from 3 to 21 years. Moreover, PLS cases showed a slower progression rate than the ALS group. Both disease duration and progression rate can exert a significant impact on FA values. In a previous study in lower motor neuron disease , a postprocessing approach was used to normalize FA values for disease duration. Even if the original criteria (Pringle et al., 1992) proposed a minimum of 3 years of disease duration for the diagnosis of PLS, recent guidelines defined cases with 4 years of disease duration as suspected PLS-dominant ALS and these are considered as uncertain classification (Singer et al., 2007; Gordon et al., 2006) .
Thus, as an additional analysis, FA values were normalized to the identical timepoint of disease duration of 4 years. In a defined voxel or tract structure, the average FA decrease per year
for ALS patients was defined by the difference in FA between controls and ALS patients divided by the average disease duration of ALS patients.
The average progression rate in ALS patients was calculated by arithmetically averaging the individual progression rates
The individual FA loss per year was then estimated by ΔFA ALS,year weighted by the ratio of individual progression rate and the average progression rate in ALS patients and PLS patients as follows. 
This normalization for disease duration was performed for averaged FA values of tract structures (TFAS) as well as a voxelwise analysis prior to WBSS. Fig. 1 . Whole brain-based spatial statistics (WBSS) of FA maps at the group level for ALS patients, PLS patients, and controls. WBSS of FA maps demonstrated multiple clusters of regional FA reductions at p < 0.05 (corrected for multiple comparisons, FDR), projectional views.
Results
Whole brain-based spatial statistics of FA maps
The comparison at the group level by WBSS for PLS patients, ALS patients, and controls demonstrated multiple clusters of regional alterations at p < 0.05 (corrected for multiple comparisons, FDR). Projectional views for the maps of FA reductions are depicted in Fig. 1 for the group comparisons. Comparing the ALS patients to the controls, widespread FA reduction along the CST and also in frontal and prefrontal brain areas was observed. PLS patients also showed a widespread FA reduction pattern compared to controls (similar to ALS patients vs controls), while ALS patients vs PLS patients showed no significant FA alterations. The WBSS analysis of FA maps provided almost identical results for ALS and PLS groups, but the comparison between ALS patients and healthy controls showed a small cluster of reduced FA in prefrontal WM (Fig. 1) , whereas this cluster did not show up in the PLS vs healthy controls comparison. Fig. 2 shows the analysis for the other DTI metrics MD, AD, and RD. Compared with controls, both the PLS group and the ALS group show increases of AD, RD, and MD primarily along the CST with smaller clusters bihemispherically in the frontal and also in the temporal lobes. The PLS group showed regional increases in MD, AD, and RD in the corpus callosum (CC) area 3 (Hofer and Frahm, 2006) , indicating both axonal injury and dysmyelination especially in PLS compared to ALS and controls. In Table 2 , a summary of WBSS clusters for all DTI metrics (FA, AD, RD, MD) is provided.
Trends could be found in the PLS group for the correlation analyses of disease duration and ALS-FRS-R, respectively, with all DTI metrics of tract systems (stage 1 to 4-related tract systems); however, none of the correlations was significant.
Differences of FA in the tract systems
The hypothesis-guided analysis of the FA differences in the ALSrelated tract systems by use of TFAS showed differences of the averaged FA values between the ALS and the control groups as well as between the PLS and the control groups; both, ALS and PLS group vs the control group showed most prominent FA alterations in the CST, followed by FA reductions in the other ALS-staging-related tracts (Fig. 3) . For unified scales for all tract systems, FA, MD, AD, RD values were given as differences between ALS/PLS patients and controls (ΔFA, ΔMD, ΔAD, ΔRD) in Figs. 2 and 3. Here, significant FA reductions could be observed independently for the CST, for the corticopontine and the corticorubral tract, for the corticostriatal pathway, and for the proximal portion of the perforant path (ALS stages 1-4) in PLS patients and ALS patients each compared to controls. For the grand average of the stage-related tract systems, significant FA reductions were observed for PLS patients and ALS patients compared to controls. No significant FA alterations were found for any group comparison in the reference path. The small cluster of reduced FA in prefrontal WM in the comparison between ALS patients and healthy controls in the WBSS analysis was mirrored by the Fig. 2. (A) Whole brain-based spatial statistics (WBSS) of mean diffusivity (MD), axonal diffusivity (AD), and radial diffusivity (RD) maps at the group level for ALS patients, PLS patients, and controls at p < 0.05 (corrected for multiple comparisons, FDR). Compared with controls, both the PLS group and the ALS group showed increases of AD, RD, and MD primarily along the CST with smaller clusters bihemispherically in the frontal and also in the temporal lobes. The PLS group showed regional increases in MD, AD, and RD in the corpus callosum (CC) area 3. (B) Tractwise fractional anisotropy statistics (TFAS) of MD, AD, and RD maps at the group level for ALS patients, PLS patients, and controls. TFAS demonstrated significant regional differences of DTI-metrics between ALS patients and controls as well as between PLS patients and controls in ALS-related tract systems and in the grand average. MD, AD, RD values were given as differences of ALS/PLS patients vs controls (ΔMD, ΔAD, ΔRD) . No alterations between groups were observed in the reference tract. *p < 0.05, **p < 0.001. Fig. 3 . Tractwise fractional anisotropy statistics (TFAS) of FA maps at the group level for ALS patients, PLS patients, and controls. TFAS demonstrated significant regional FA reductions in ALS-related tract systems and in the grand average between ALS patients and controls as well as between PLS patients and controls. FA values were provided as differences of ALS/PLS patients vs controls (ΔFA). No alterations between groups were observed in the reference tract. **p < 0.001. differences in the corticopontine/corticorubral tract systems and also in the corticostriatal pathway in the TFAS analysis. For PLS, the regional prefrontal WM alteration in WBSS was below the level of significance at cluster level, but there were significant FA alterations in the corresponding tract systems, i.e. the corticopontine/corticorubral tract and the corticostriatal pathway. A summary of all alterations in the tract systems at the group level is provided in Table 3 . Fig. 2 shows the respective analysis for the other DTI metrics MD, AD, and RD.
Differences of FA after normalization for disease duration
Projectional views for the maps of FA reductions are depicted in Supplementary Fig. 1A for the group comparisons after normalization for disease duration. Comparing the ALS patients with the controls, widespread FA reductions along the CST and also in frontal and prefrontal brain areas were observed; PLS patients also showed FA reductions along the CST compared to controls, while ALS patients vs PLS patients showed widespread FA reduction along the CST and also in frontal and prefrontal brain areas. Compared to the WBSS without normalization for disease duration (Fig. 1) , the results of the comparison PLS patients vs controls were almost identical (given that average disease duration was 4 years anyway), whereas the effect of normalization for disease duration further emphasized the alterations of the ALS group (given that an average disease duration of 2 years was normalized to 4 years) ( Fig. 1) , A similar effect could be observed for the TFAS results ( Supplementary Fig. 1B) : alterations of ALS patients after normalization for disease duration were emphasized leading to significant differences between all subject groups for all tract systems. Thus, it could be concluded that FA alterations were increased in ALS patients compared to PLS patients with respect to disease duration and progression rate.
Discussion
PLS is strictly defined as a syndrome in which the disease begins with upper motor neuron deficits existing in isolation, while ALS according to the El Escorial criteria as published in the year 2000 (Brooks et al., 2000) , requires both evidence of lower motor neuron degeneration by clinical, electrophysiological or neuropathologic examination and evidence of UMN degeneration by clinical examination. It is a longstanding discussion that the well-established phenotype PLS is one which awaits a better definition (by clinical or technical approaches) in order both to improve the inclusion into clinical trials for ALS patients where appropriate and to support access to health care systems Ludolph et al., 2015) . In the current study, the application of the DTI-based in vivo transfer of the neuropathologically-defined cerebral propagation scheme according to the proposed Braak staging for ALS (Braak et al., 2013; Kassubek et al., 2014) could be applied to PLS patients, with results as could be obtained in ALS patients with the 'classical' clinical presentation of involvement of the first and the second motor neuron (Kassubek et al., 2018) . The hypothesis that PLS shows the same pattern like ALS could thus be verified, i.e. both unbiased WBSS as well as hypothesis-guided tract of interest-based TFAS demonstrated affectation patterns like in ALS. The clinical differences between ALS and PLS might be explained by a higher vulnerability of the second motoneuron in ALS patients which cannot be addressed by brain DTI.
On the basis of these neuroimaging data, the proposed staging scheme for ALS (Braak et al., 2013) can be considered valid also for PLS. TOI-based DTI supports the clinical view of PLS as an ALS variant and is in strong favour of the consequence to treat these patients like ALS, including the opportunity to be enrolled in clinical trials. These findings are an analogy of the demonstration of corticofugal tract involvement in fast progressive lower motor neuron disease by the same approach (Rosenbohm et al., 2016) which had been confirmed in a twocentre study with an additional sample of 28 LMND patients in whom a central nervous system involvement had not been shown by a datadriven DTI analysis . In a further analogy, previous data-driven neuroimaging studies in PLS using DTI or other imaging techniques could not specifically demonstrate the involvement of the corticoefferent tractsbeyond CSTwhich had been defined according to the ALS-associated pTDP-43 pathology pattern in the brain (Agosta et al., 2014) . The classification of PLS as an ALS subtype rather than an independent disease entity, as supposed by the current neuroimaging study, is further supported by similar spreading patterns and multi system degeneration characteristics (Wais et al., 2017) , genetic overlaps (Brugman et al., 2005; van Rheenen et al., 2012) , common biomarkers like neurofilaments (Steinacker et al., 2018) , and TDP-43 pathology patterns (Kosaka et al., 2012) . However, this hypothesis still has to be further confirmed by more extensive neuropathological research analyzing pTDP-43 and its spreading pattern and new biomarkers (Wais et al., 2017) .
This study was not without limitations. First, the neuropathological confirmation of the DTI-based in vivo transfer of the ALS propagation in the brain by autopsy results is lacking for the patients who have been classified by MRI. Second, the design of the current study was crosssectional, while only longitudinal data from different timepoints during the course of the disease would allow to address the sequential spreading model and the relationship between the tract alterations and the clinical development at the individual patient levelspecifically, since the different disease course in PLS makes further analyses of this phenotype desirable (Kassubek et al., 2018) . Finally, this study was performed with different study protocols, but scanning-protocol-based differences in FA maps could be corrected for by technical ex post facto harmonization (Rosskopf et al., 2015) as previously used in multicentre studies . This constellation paths the way to multicentre studies making use of the TOI-based technique also in multicentre data in PLS patients from different sites, as previously done in LMND . A further limitation of this study was that the DTI data were collected over a comparatively long period; thus, no unified cognitive score could be reported for the complete subject sample.
In summary, the results of this study confirm the clinical approach to the phenotype of PLS as an ALS variant, in accordance with the latest revision of the El Escorial criteria for ALS (Ludolph et al., 2015; Agosta et al., 2015) . Taken together, the TOI-based DTI studies in PLS and LMND are in further support of a clinicopathologic continuum of MND spanning PLS, ALS, and LMND. It might be a straightforward conclusion from these data that the expectation that "neuroimaging approaches might help to arrange PLS in the MND spectrum and its classification" (Wais et al., 2017) could be fulfilled. As such, this study might be considered a further milestone in the process of establishing MRI as a biological marker in ALS and its variants .
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.nicl.2018.03.018.
